We present two-dimensional plasmonic Doppler grating (PDG) for broadband azimuthal angle-resolved nanophotonic applications. The PDG consists of a set of non-concentric circular rings mimicking the wavefronts of a moving point source that exhibits Doppler Effect and thereby offers continuous azimuthal angle-dependent lattice momentum for photon-plasmon coupling. The center and span of the working frequency window is fully designable for optimal performance in specific applications. We detail the design, fabrication and optical characterization of the PDG. The design of Doppler grating provides a general platform for in-plane angleresolved nanophotonic applications.
Introduction
At the interface of dielectric and metal, electromagnetic energy can propagate in form of surface plasmons (SPs) with relatively large momentum compared to that of corresponding photons in vacuum 1 . To excite SPs, the momentum mismatch between the vacuum photons and the SPs must be compensated. Various schemes have been employed, including Kretschmann-Raether and Otto configurations with prisms 2, 3 , metallic gratings 4 and direct excitation of SPs via nonlinear wave-mixing on flat metal surfaces 5 . Among these excitation schemes, metallic gratings have been extensively used and investigated because of its simplicity in design and fabrication 4, [6] [7] [8] [9] . A grating can effectively promote the excitation of SPs because it contains periodically varying morphology that offers lattice momentum to fulfil the momentum matching condition 10, 11 (1) , where 0 is the wavelength of light in vacuum, is the incident angle, P is the periodicity, is the resonant order, is the permittivity of the metal, n i is the refractive index of the medium, from which the light is impinging the grating, and denotes the index of the dielectric surrounding of the grating. Equation (1) links the resonant wavelength to the grating periodicity and provides a simple guideline for the design of grating SP couplers. For such simplicity, plasmonic gratings have been widely used for index sensing 6, 12 , color filtering [13] [14] [15] , surface enhanced spectroscopy [16] [17] [18] , hot electron generation 7 , color selective CMOS photodetector 8 , light tailoring and collimation 19 as well as logic gates in optical nanocircuits 20 . So far, most of the gratings are designed to have a constant periodicity and the performance is optimized at the resonant frequency. For multi-color and broadband applications, such as color sorting, color filtering and index sensing, SP couplers with multiple grating periodicities are needed. To this end, Laux et al. 13 have shown three-color sorting using hexagonal arrangement of triangular stacking groove arrays. The resonant frequencies are, however, discrete and the number of colors is limited to three. Xu et al. 14 proposed a 2D spoken structure as a nanosized plasmonic spectroscope for broadband continuous color sorting. With their structure, different colors are separated continuously in the radial direction. Therefore, the color sorting is not sensitive to the inplane polarization of light. Furthermore, since the periodicity changes as a function of the radius, the spatial dispersion of color is automatically linearly proportional to the wavelength, rendering the design of spatial color dispersion impossible and the spectroscopic applications limited. In this work, we present a novel design of plasmonic Doppler grating (PDG), which provides continuous azimuthal angle-dependent periodicity for broadband plasmonic resonance at the optical frequencies.
The center and span of the working frequency window can be freely designed to best fit the desired applications. Due to the azimuthal angle-dependent periodicity, PDG can function as an "index meter" that reports the variation of environmental index in the change of color distribution in azimuthal angle.
Here, we detail the theoretical design, experimental fabrication and optical characterization of the PDG and demonstrate an exemplary application in continuous broadband color sorting. PDGs may also find applications in index sensing, gas sensing, broadband plasmon-enhanced spectroscopy 16 and non-linear signal generation 21 . The design of Doppler grating is not limited to plasmonic materials but can also be applied to dielectric materials to fabricate, for example, broadband couplers or frequency routers in silicon photonic circuits or gratings for applications that require twodimensional spatial dispersion of light [22] [23] [24] 
Experimental

Design and Features of PDG
The PGD consists of a set of non-concentric circular rings describing the wave fronts of a moving point source that exhibits Doppler Effect. The trajectory of the n th ring can be mathematically expressed as ( − ) 2 + 2 = ( ∆ ) 2 , where ∆r is the radius increment and d is the ring centre displacement. The centre of each circular ring is displaced relative to the adjacent rings by constant displacement in one specific direction, mimicking the wavefronts from a point source moving with constant velocity. The distance between two adjacent rings is thus azimuthal angle-dependent and can be expressed as,
, where is in-plane azimuthal angle. This distance defines the periodicity of the grating along certain azimuthal angle. The detailed derivation of the periodicity can be found in the Supporting Information. As shown in Fig. 1a , the whole PDG structure serves as a two dimensional grating that provides continuously varying periodicity as a function of in-plane azimuthal angle (φ). Combining Eq.2 with the momentum matching condition for surface plasmon excitation (Eq.1), we obtain the azimuthal angle-dependent surface plasmon coupling wavelength 0 as
For one specific single azimuthal angle, equation (3) yields two solutions of resonant wavelengths due to the two different periodicities. At = 0°, the two solutions correspond to the largest periodicity of PDG with a value of ∆ + and the smallest one of ∆ − . As the azimuthal angle increases from 0° to 90°, the two periodicities gradually merge to one single value. The separation of the two spectral peaks at = 0°, therefore, defines the span of PDG's working spectral window, and the single spectral peak at = 90° sets the spectral position of window. Since plasmonic gratings couples best to p-polarized light, the selection of azimuthal angle in real optical experiments can be easily done by using a polarizer in the excitation or detection beam path. To achieve best performance of PDG, four design parameters can be freely tuned to optimize the position and the span of the working spectral window. These parameters are the radius increment, ∆ , the center displacement, , the material permittivity, , and the surrounding refractive index, . Figures 1b-e illustrate the effect of tuning each of the parameters on the trend of the resonant wavelengths at various azimuthal angles. Clearly, the spectral position can be freely designed by choosing suitable values of Δ , and , and the span can be tuned by varying . As shown in Fig. 1c , increasing the centre displacement results in an enlarged span of PDG's spectral window, suitable for applications concerning large spectral shift or covering wide spectral range. Decreasing the centre displacement, on the other hand, allows the PDG to "zoom in" to a small spectral range for ultimate sensitivity and resolution, as will be demonstrated in the exemplary application of PDG as an index meter. As for and , they can either be pre-designed by using different materials or be actively controlled by incorporating tunable materials whose optical properties can be externally tuned by light 25, 26 , heat 27 or electricity 28, 29 . Alternatively, actively tunable PDG can also be achieved by using highly dosed semiconducting materials, whose permittivity can be controlled by external electric field [30] [31] [32] [33] [34] . It is worth noting that Fig. 1d indeed suggests that PDG can be used as an index meter, in which the variation of the environmental index can be translated into the change of in-plane color distribution with respect to the azimuthal angle, similar to the pointer in a speedometer. This makes PDG a simple and fully designable index meter for microfluidic lab-on-a-chip systems. In the following, we describe in detail the fabrication and optical characterization of PDG and demonstrate one application example of color sorting.
Fabrication of PDG
To achieve the best performance in the visible to near-infrared spectral regime, we have chosen to fabricate PDGs on ultrasmooth chemically synthesized single-crystalline gold flakes using Gallium focused-ion beam milling. Briefly, the selfassembled gold flakes are synthesized using chemical method reported previously 35 . The solution of gold flakes is then dropcasted on a cover glass coated with a 40 nm thick ITO layer. The ITO glass contains pre-fabricated markers for target identification. The PDGs are fabricated using Gallium focusedion beam milling (Helios Nanolab 600i System, FEI Company). The beam current and the acceleration voltage are 1.7 pA and 30 V, respectively. Single-crystalline gold flakes are chemically stable, atomically smooth and grain boundary free. These features make single-crystalline gold flake a perfect substrate for the fabrication of high-definition PDGs, which contain many fine features and extend over large area 35 .
Optical characterization of PDG
To characterize the optical response of the PDG, we have used home-built dark-field optical microscopes 36, 37 to observe the images and spectra of PDGs in three different modes, namely the scattering mode, reflection mode and transmission mode. Results obtained from different observation modes provide us with complementary information to gain comprehensive insight into the optical response of the PDG. In the dark-field scattering experiment, white-light illumination (HAL 100 illuminator with quartz collector, Zeiss) is impinging the sample from the ITO substrate with Köhler illumination scheme using an oil condenser (Achromatic-aplanatic Condenser N.A. = 1.4, Zeiss). The scattered light is then collected by another objective (MPlanApo 60X air N.A. = 0.9, Olympus) on the side open to air and is aligned onto a color CCD (PMD-130, OME-TOP SYSTEMS CO., LTD.) to obtain color images and a spectrometer to record the azimuthal angle-resolved spectra. For the latter, two linear polarizers (LPVIS100-MP, 550-1500 nm, Thorlabs) are inserted into the excitation and detection optical pathways to select the azimuthal angle. Bandpass filters with finite bandwidth of 40 nm (FKB-VIS-40, Thorlabs) are used to obtain narrow band excitation centred at 550 nm, 600 nm, 650 nm and 750 nm. The optical characterization of PDG color sorter is performed both in reflection mode and in transmission mode. In the reflection mode, unpolarized white light source is used to illuminate the PDG with a nearly normal incident angle. The incident light and the reflected light are collected using the same air objective (DIN PLL 20 X, N.A. = 0.4, ZAK). For the transmission mode, the incident light is softly focused onto the sample with a microscope condenser (Air, N.A. = 0.3, Zeiss) and the transmitted light is collected by an oil objective (Plan-Apochromat 63X oil Iris, N.A. = 0.7-1.42, Zeiss). Schematic diagrams for the optical setups used in the three detection modes can be found in the Supporting Information.
Numerical simulations on PDG
Numerical simulations are performed with finite-difference time-domain method (FDTD Solutions, Lumerical Solutions). Dimensions used in the simulations are estimated according to the SEM images of the real PDG structures. The thickness of the ITO layer is about 40 nm. To simulate far-field scattering spectra for light scattering at different azimuthal angles, we perform two-dimensional simulations on the cross sectional planes perpendicular to the metallic surface at the azimuthal angle of interest. P-polarized total-field scattered-field plane wave source is injected from the glass layer with an incident angle of 55°, mimicking the experimental condition of the dark-field illumination. The scattering spectra were obtained by integrating the Poynting vector over a linear onedimensional monitor placed in the air 1200 nm above the metallic surface. All simulated spectra have been normalized to the source spectrum to obtain the enhancement. To understand the resonance modes, the cross sectional magnetic near-field profile (|Hz|) of the PDG are recorded by a twodimensional monitor that extends over air, gold and substrate 
Results and discussion
Optical response of PDG
To cover the spectral range from ultraviolet to near infrared for optical frequency applications, a gold PDG with a radius increment ∆ = 400 nm and centre displacement = 200 nm has been fabricated. The fabricated gap width is about 45 nm and the thickness of the gold flake is about 70 nm. The schematic of the dark-field scattering optical experiment is depicted in Fig. 2a . The scanning electron microscope (SEM) image and the corresponding full color dark-field scattering image of the fabricated PDG are shown in Fig. 2b . As can be seen in Fig. 2b , the PDG shows clear azimuthal angledependent color dispersion in the visible spectral range. We have inserted band-pass color filters (bandwidth = 40 nm) in the excitation beam path to more clearly observe the intensity distributions as a function of azimuthal angle for 550 nm, 650 nm, and 750 nm. The corresponding intensity images are shown in the left panels in Fig. 2c . Upon illumination centred at 550 nm, two intensity maxima on the PDG are observed at = ±83° and = ±10°. For illumination centred at 650 nm and 750 nm, the resonant modes are observed at = ±48° and = ±29°, respectively. To understand the observed color distribution and their corresponding SP resonances, we have performed finite-difference time-domain numerical simulations to obtain the intensity distribution of the optical near field on a plane cutting the gold film at the middle height. Dimensions used in the simulations are estimated according to the SEM images.
The simulated near-field intensity distributions are displayed on the right panels in Fig. 2c . In general, the intensity angle distributions in the experimental scattering images are reproduced in the simulated near-field profile at all three wavelengths. However, some features seen in the simulated profiles are missing in the experimental far-field images. To understand the difference, it is important to keep in mind that the simulated distributions only reveal the near-field intensity profile inside the air slits. These modes seen in the near field do not necessarily couple to the far field unless the momentum matching condition is fulfilled. In addition, light with different wavelength is scattered to far field along different out-coupling angle. Therefore, the collection angle of the objective also matters. For out-coupling angle larger than the collection angle of the objective, the scattered light will not be detected by the CCD and spectrometer, resulting in a dark region in the scattering image. This is why the PDG appears dark at the region with small periodicity, as can be seen in the images in Figs. 2b and 2c . Details on the collection limitation of the objective are given in the Supporting Information.
The second reason for the difference between experimental and simulated results is about the excitation of SPs. Since the thickness of the gold film is only 70 nm, the illumination coming from the ITO half space can excite both SPs on the Au/ITO interface and SPs on the Au/Air interface. This is illustrated with the two waves in blue and red colors in Fig. 2a . The excited SPs on the two interfaces can then propagate to the other side via the vertical air slit and get scattered to the far field on the other interface. Since the excitation and detection are on the opposite sides of the gold layer (Fig. 2a) , there are two possible routes for the scattered light to reach the detector. The first route is that the SPs are excited on the Au/ITO interface, propagate via the vertical slits to the other surface and get scattered to the detector by borrowing the momentum from the grating on the Au/Air interface. These SP modes are marked with white solid lines in Fig. 2c . In the second route, the SPs are directly excited on the Au/Air interface by the illumination coming from the ITO half space via Kretschmann-Raether excitation scheme 2 . Then, the SPs are scattered into the far field with the help of the lattice momentum provided by the gratings on the Au/Air interface. In this way, the SPs do not go into the vertical air slits. The excitation of SPs is much more efficient on the Au/ITO interface compared to that on the Au/Air interface because the illumination is coming from the ITO side. Also, the efficiency of the direct excitation of SPs on the Au/Air interface is very low also because the optical field is greatly attenuated by the metallic film. As a result, the first route contributes majorly to the intensity distribution in the experimental images and only the scattering signals from the SPs originally excited on the Au/ITO interface (first route) are observable in the experimental color images. Figure 2d shows the angleresolved normalized spectra of the PDG obtained from darkfield scattering experiment (left panel) and FDTD simulations (right panel). Solid and dashed lines in different colors in Fig.  2d are obtained from an analytical model based on equation (3) and are duplicated on both panels for the convenience of comparison. These lines mark the analytically predicted spectral positions of various orders of SP modes excited on the Au/ITO interface (solid lines) and on the Au/Air interface (dashed lines). As can be seen, the peak positions in the experimental spectra show good agreement with the simulated spectra and the analytical prediction. Compared to the simulated spectra on the right panel of Fig. 2d , the peak shape is more broadened in the experimental spectra. This is due to the structural imperfection of the PDG structure. Another interesting feature that can be seen in Fig. 2d is the Fano line shape in both the experimental and simulated spectra. These Fano-like resonance peaks stem from the coupling of the in-plane SPs into the vertical air slits 6 . To understand the Fano resonances, we have simulated the optical magnetic field profiles |Hz| at the wavelengths of the Fano peaks (hollow triangles) and dips (solid triangles), as shown in the insets of Fig. 2d . These profiles provide direct information on the coupling mechanism and help us assign the modes. The coupling of the SP modes excited on the Au/Air interface (m = -1, blue dashed curves) into the vertical slit results in the spectral dip (blue solid triangle) because the SPs couple back to the opposite side without the detector. On the contrary, for the SP modes excited on the Au/ITO interface (via first route, m = -2, red dashed curves), the coupling of the SP modes into the vertical slit leads to the Fano peak (red solid triangle) because the SP modes can propagate via the vertical slit to the other interface and get scattered to the detector. It is now clear that those modes seen in the simulated nearfield distribution (right panel of Fig. 2c ) but missing in the experimental color images (left panel of Fig. 2c ) are the SP modes excited directly on the Au/Air interface but propagating back to the Au/ITO interface via the vertical slits. In some applications, such as index sensing, the direct excitation of SPs on the Au/Air interface is troublesome and needs to be minimized. This can be done by using gold flakes that are thick enough to sufficiently suppress Kretschmann-Raether excitation of SPs. This will greatly simplify the analysis of PDG's spectral response and facilitate the applications.
Color sorting by PDG
Having understood the optical response of the PDG, we now demonstrate the first exemplary application, a continuous inplane polarization sensitive color sorter. For color sorting purpose, we have used a 400 nm thick gold flake and reduced the milling depth of FIB such that all rings except the middle one are milled to create grooves on the surface, instead of vertical slits that connects the two interfaces. For the middle ring, FIB has been applied to mill through the flake and create a vertical air slit (gap = ~100 nm) that connects the two interfaces. The main function of this middle ring is to serve as a sub-wavelength aperture that allows for transmission of SPs but rejects photons 10 . Figures 3a and 3b depict the cross sections of the PDG color sorter and the two detection geometries used for the optical characterization. The SEM image of the structure is shown in the inset of Fig. 3a . Such combination of a set of grooves and one vertical air slit has been shown to have superior color sorting efficiency 13 . More importantly, it allows us to observe the resonance of PDG color sorter in both reflection and transmission modes. Here, we have used bandpass filters (bandwidth = 40 nm) to create single band excitation centred at 550 nm, 600 nm and 650 nm. White light illumination without any filter has also been used to obtain the full-color images. Figures 3c and 3d show the reflection and transmission images on the left panels, respectively, with their corresponding intensity angle distribution profiles on the right panels. In the reflection images, dark bands are observed at various azimuthal angles depending on the wavelength. The dark bands in reflection images appear at the azimuthal angles, where the grating periodicity provides correct lattice momentum to fulfil the momentum matching condition required for the excitation of SPs. Therefore, the incident light is efficiently converted into near-field SPs and the intensity of the reflection is attenuated, resulting in a dark band. Since the sub-wavelength vertical air slit only allows the penetration of SPs but not photons 10 , the SP resonances seen as dark bands in the reflection images manifest themselves as bright bands in transmission images. As can be seen in the bottom panel of Fig. 3d , the white light illumination is clearly sorted into a rainbow-like intensity distribution, confirming the azimuthal angle-dependent inplane color sorting ability of the PDG. It is worth noting that the rainbow colors seen in the bottom panels of Figs. 3c (reflection) and 3d (transmission) are complementary. However, different from the color of plasmonic nanoparticle solutions, PDG's transmission directly reports the color of the SP resonances whereas the reflection presents the complementary color. The other feature is that the PDG color sorter is naturally sensitive to the polarization of incident light 13 since plasmonic gratings prefer p-polarized incident light. As shown in Fig. 4 , the incident polarization controls the transmission color distribution. This provides additional degree of freedom to control the color sorting efficiency. It is worth noting that using a flake with proper thickness is important. The ideal flake thickness should be large enough to block the background due to the incident light, yet thin enough to allow the SPs to survive the loss of transmitting the slit. The transmission signals should be bright enough for observation. There are several possible applications of the PDG color sorter. For example, one can mill through only the centre ring (the smallest ring). In this case, the color rings shown in Fig. 4 shrink to points, which can function as pixels. By controlling the polarization of the white light illumination, we can control the relative intensity of the different color and thereby changing the overall color of the pixel. As a color sorter, the PDG can also serve as a designable on-site micro-spectrometer. For example, the PDG can sort different colors of the emitted light from a nanosized emitter into different azimuthal angle.
Since photons with specific color can only couple to the free space through grating condition at specific azimuthal angles, one can obtain the emission spectrum by analysing the intensity angle distribution in the PDG image. This offers the possibility to perform spectroscopic analysis without using any farfield dispersive optical elements, such as prism or gratings, which is particularly useful for microfluidic or lab-on-a-chip analytical devices. The other possible application is to use Doppler grating as the coupler in silicon photonics as a multiplexer or a router. Upon broadband illumination, different frequency will be collected by the Doppler grating and coupled into different azimuthal angle. Multiple silicon waveguides arranged in different azimuthal angles can be fabricated under the Doppler grating to collect the coupled light. Photonic signals with different frequencies can also be merged through the Doppler grating.
Quantitative analysis of azimuthal intensity distribution
To precisely obtain the azimuthal angle of the SP resonance is very important for PDG's applications as analytical tools, e.g. PDG index meter or gas sensor, where the intensity angle distribution is quantitatively linked to the analytical information. For this purpose, we have performed quantitative analysis on the images in Fig. 3 and obtained the corresponding angle distribution profiles of the intensity, as shown on the right columns of Fig. 3c and 3d . To quantitatively determine the azimuthal angle of the resonance band, the reflection intensity angle distribution profiles are fitted with an analytical model based on Fano resonance model 38 . Details of the quantitative image analysis and fitting can be found in the Supporting Information. With the fitting, the grating periodicity for the th order SP resonance, ( ), can be precisely determined. Consequently, by applying the fitted value of the periodicity to Eq. 2, we can quantitatively determine the azimuthal angle of the SP resonance from experiments. It is worth noting that the reflection or transmission angle distribution profiles of PDG have a finite bandwidth. This finite bandwidth stems from the broadening due to the damping of SPs, the degree of polarization of the illumination and the incident polarization angle with respect to the PDG grating edges. For sensing applications, it is very important to consider the broadening effect since the bandwidth limits the sensitivity. Therefore, we have included all the known broadening effects in the fitting model. By such analysis, we are able to obtain precise azimuthal angle of resonance and the uncertainty is mainly due to structural imperfection, which cannot be analytically modelled.
Conclusions
In conclusion, we have presented a design of PDG for continuous azimuthal angle-dependent plasmonic grating applications. By choosing correct ∆r and , the centre and the span of the working spectral window of PDG can be easily designed to best fit the applications. We have characterized the angle resolved optical response by observing the scattering, reflection and transmission of various different PDG designs. Exemplary application of PDG as a continuous polarization sensitive broadband color sorter is demonstrated. The PDG can translate the change of environmental index into the change of intensity distribution in azimuthal angle and can find applications in index sensing. PDGs may also serve as a continuous grating structure for nonlinear signal generation or plasmon-enhanced spectroscopy. Using actively tunable materials, PDG's working frequency window can be actively controlled by external signals. For color sorting applications, the ability to active control promises the applications in actively tunable router or color pixel. The design of Doppler grating can also be applied to dielectric materials to create, for example, couplers for silicon photonic circuits or twodimensional transparent gratings [22] [23] [24] . We anticipate applications of PDG in two-dimensional angle resolved spectroscopy and index sensing. 
